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ABSTRACT
We report the discovery of helicity-dependent ultrafast photocurrent generation in organic-inorganic perovskite by measuring terahertz
(THz) electric field emissions in the time-domain. We find signatures of the circular photogalvanic effect (CPGE) where right circularly
polarized light and left circularly polarized light lead to different photocurrent generation. The direction of photocurrent is also resolved by
measuring the polarization of the emitted THz pulses. Furthermore, we observe distinct wavelength-dependent, coherent phonon dynam-
ics using THz pump-induced differential reflectivity, indicative of multiple exciton resonances. Both the CPGE and exciton fine struc-
ture, together with theoretical simulations, provide compelling and complementary evidence for the existence of Rashba-type bands in
perovskite.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5127767., s
I. INTRODUCTION
Organic-inorganic hybrid lead halide perovskite materials have
received a large amount of attention from researchers and engi-
neers in the globe because of their excellent optical and electrical
properties.1–4 The materials have been shown to exhibit broadband
absorption,5 long carrier diffusion length,6,7 and high photoconver-
sion efficiency (24.2%).8 These facts together with a low production
cost make them a promising candidate for next-generation opto-
electronic devices and photovoltaic applications.4,5,9,10 It has been
proposed that in hybrid halide perovskites, Rashba-type effects can
lift the spin degeneracy in k-space and shift the valence band max-
ima and conduction band minima away from the high symmetry
directions, with the presence of local inversion symmetry break-
ing and strong spin-orbital coupling in the materials.11 As a result,
the lowest fourfold degeneracy of the exciton ground state 1s along
k-space is lifted.11–13 These effects play a crucial role in determin-
ing the optoelectronic and photovoltaic properties, such as inter-
band transitions,11,14 photocarrier lifetime,14,15 and carrier diffu-
sion length,16–18 in perovskites. Underpinning Rashba-type effects in
ultrafast photocarrier dynamics and band structure splitting is a key
to the research and development of perovskite-based photovoltaic
and spintronic applications since they determine the most funda-
mental properties of perovskites such as the direct-indirect nature
and spin-dependent splitting of the bandgap. However, there has
been only a limited number of observations so far, which are still
debating over the presence and sources for symmetry breaking of
the Rashba effect.11
Experimental evidence for Rashba-dominant fine structure
splitting can be explored in two complementary ways. On the one
hand, the helicity-dependent ultrafast photocurrent measurement is
very relevant to verify the picture using the CPGE effect. Because
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the band structure of MAPbI3 (methylammonium lead triiodide) is
derived from the Pb p-orbital which mainly contributes to the con-
duction band edge and a mix of Pb s-orbital and I p-orbital which
contributes to the valence band. As a consequence, the momentum-
dependent splitting of the conduction band is larger than that of
the valence band due to more Pb p-orbital contribution to the
conduction band, leading to a slightly indirect bandgap and spin-
dependent interband transitions.18,19 This can be uncovered by mea-
suring the CPGE effect by circularly polarized pumping, in which
an unbalanced spin population can be created selectively depend-
ing on the degree of helicity light. This way, the directional ultrafast
photocurrent is generated and its amplitude and direction can be
manipulated and switched by the helicity of excitation light. On
the other hand, terahertz (THz) pump and white light probe spec-
troscopy is a powerful tool to probe genuine excitonic fine struc-
ture splitting by their coupling to excited coherent phonons in per-
ovskites. This is complementary to helicity-dependent photocurrent
measurement in order to verify the Rashba-type effects. It is chal-
lenging to identify the fine structures directly as the splitting is
expected to be a few nanometers, which is easily masked by the
broad absorption or emission spectrum. It was proposed that dif-
ferent exciton fine structures could couple to and be modulated by
distinct phonon modes with well-separated resonances so that they
can be identified by probing their distinct oscillations and decay
times.12
Here, we report the observation of helicity-dependent ultra-
fast photocurrent generation in perovskite by measuring emitted
THz fields in the time-domain. We find a clear signature of helicity-
dependent photocurrent generation, in which right circularly polar-
ized (RCP) light and left circularly polarized (LCP) light lead to
different amplitudes of photocurrent. The direction of photocur-
rent is also resolved by measuring the polarization of the emitted
THz pulses via a THz wire-grid polarizer (WGP). Furthermore, we
observe distinct wavelength-dependent, coherent phonon dynam-
ics using THz-induced differential reflectivity, indicative of mul-
tiple exciton resonances. Both the CPGE and exciton fine struc-
ture, together with theoretical simulations, provide complementary
evidence for the existence of Rashba-type bands in perovskite.
II. EXPERIMENTAL DETAILS
A. Sample preparations
Three perovskite samples are examined in the current study. A
MAPbI3 thin film is used for ultrafast photocurrent measurement
as it is the form in which most perovskite devices are fabricated.
MAPbI3 and MAPbBr3 single crystals are used to probe excitonic
fine structure splitting as single crystals usually are more suitable
to study coherent phonon dynamics which we will explore their
couplings to the electronic bands.
The MAPbI3 thin film was spin-coated from a precursor
solution, which was prepared by dissolving 461 mg lead iodide
(99.9985%, Alfa Aesar) and 159 mg methylammonium iodide
(GreatCell Solar) in 600 μl of N,N-dimethylformamide and 71 μl of
dimethyl sulfoxide. The precursor solution was then spin-coated on
soda-lime glass substrates inside a nitrogen glove box at 500 rpm for
3 s followed by 4000 rpm for 60 s. 700 μl of diethyl ether was dropped
on the film at 10 s of the second spin step. The as-prepared film was
then annealed at 65 ○C for 2 min and then at 100 ○C for 5 min on a
hot plate.
An MAPbI3 single crystal was grown following the inverse
temperature crystallization method. To prepare one molar solu-
tion, an equimolar mixture of lead iodide (99.99%, Alfa Aesar)
and methylammonium iodide (GreatCell Solar) was dissolved in γ-
butyrolactone (99%, Sigma-Aldrich) at 60 ○C. Next, the solution was
filtered using a 0.2 μm polytetrafluoroethylene (PTFE) membrane
filter. After adding the solution to a vial, it was kept in an oil bath
undisturbed at 80 ○C. MAPbI3 single crystal was slowly grown when
the oil bath temperature was increased to 110 ○C at a ramp rate of
0.1 ○C/min and maintained at 110 ○C for 7 h.
An MAPbBr3 single crystal was synthesized using a precursor
solution consisting of 367 mg lead bromide (98%, TCI America)
and 112 mg methylammonium bromide (GreatCell Solar) in 1 ml
N,N-dimethylformamide. After filtering through a 0.22 μm poly-
tetrafluoroethylene (PTFE) membrane filter, the precursor solution
was kept in an oil bath at 50 ○C for 30 min to stabilize the temper-
ature. MAPbBr3 single crystals were grown by increasing the bath
temperature from 50 to 80 ○C at a ramp rate of 0.1 ○C/min and
maintaining the temperature for 3 h.
B. Experimental setup
The ultrafast photocurrent measurement setup is illustrated in
Fig. 1(a). The setup was driven by a Ti:sapphire amplifier centered
FIG. 1. (a) A schematic of the THz setup for helicity-dependent photocurrent
measurement. BBO: beta barium borate crystal, λ/4: quarter-wave plate, WGP:
wire-grid polarizer, PM: parabolic mirror, WP: Wollaston prism. (b) Rashba-type
band splitting. The red and blue lines indicate different spin currents. (c) A rep-
resentative trace of THz emission from a transient ultrafast photocurrent at 77 K.
Inset: FFT spectrum of the THz signal.
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at 800 nm with 40 fs pulse duration and 1 kHz repetition rate. One
part of the beam went through a BBO (beta barium borate) crystal to
generate a 400 nm beam, which was used to photoexcite the MAPbI3
thin film. A quarter waveplate was used to change the polarization
of the 400 nm excitation beam. The radiated THz field from tran-
sient photocurrent was focused by a parabolic mirror onto a 1 mm
thick ZnTe detector. The THz field in the time-domain was mea-
sured by electro-optical sampling with the other part of the 800 nm
laser. The sample was mounted in a vacuum cryostat for low tem-
perature measurement and to avoid sample degradation in ambient
condition.
The THz pump and white light probe spectroscopy setup, as
shown in Fig. 4(a), was implemented by using an intense THz
pulse20–22 with an electric field up to 1 MV cm−1 and a white
light pulse with wavelength ranging from 520 nm to 780 nm.
The subpicosecond single-cycle THz pulse was generated from
the 800 nm Ti:sapphire amplifier by the tilted-pulse-front phase
matching method through a 1.3% MgO doped LiNbO3 crystal20
and focused on the sample by a parabolic mirror with 4 inches
focal length. The white light continuum was generated by focusing
another part of the 800 nm laser onto a 2 mm thick sapphire crystal.
The pump and probe beams are colinearly focused on the samples
with an incident angle of 45○. The reflected white light beam was
spectrally resolved after the samples. More detailed setup informa-
tion and drawing can be found in the supplementary material of Ref.
12. The MAPbI3 and MAPbBr3 single crystal samples were mounted
in a liquid helium-cooled cryostat for low temperature measurement
and to avoid sample degradation.
III. HELICITY-DEPENDENT ULTRAFAST THz
PHOTOCURRENT MEASUREMENT
In order to verify the picture of Rashba-type band splitting, as
illustrated in Fig. 1(b), we first performed helicity-dependent THz
photocurrent measurement. It is preferred that the photocurrent be
measured in the form of the emitted THz fields in the time-domain
because the femtosecond laser-induced transient photocurrent can
result in electromagnetic emission in the THz spectral range23 and
the emitted THz polarization is parallel to the direction of the pho-
tocurrent. Moreover, THz emission spectroscopy represents a pow-
erful and contact-free approach, which can resolve photocarrier gen-
eration and relaxation at the intrinsic ultrafast time scales and dis-
tinguish distinct origins of photocurrent,24,25 while the static electric
current measurement, however, can only measure time-averaged
amplitude and is not sensitive to phase and will be complicated
by signals from asymmetric electrical contacts and laser-induced
heating.23 Thus far, the THz polarized photocurrent measurement
is still scarce in perovskites although static photocurrent has been
observed.19,26
Figure 1(c) shows a typical radiated THz field measured at 77 K.
The subpicosecond rise and decay of the THz transient imply the
intrinsic time scales of the generation and decay of photocurrent in
the sample. The fast Fourier transform (FFT) of the signal is shown
in the inset. The measured THz bandwidth is up to 2.5 THz, which
is limited by the bandwidth of the 1 mm ZnTe detector. Figure 2
shows pump helicity-dependent THz photocurrent measurement.
The THz peak-to-peak amplitude is plotted as a function of quarter
FIG. 2. THz peak-to-peak amplitude as a function of the quarter waveplate angle,
measured at 77 K (orthorhombic phase) and 170 K and 295 K (tetragonal phase).
The solid black lines are fitting according to Eq. (1). LP: linear polarization, LCP:
left circular polarization, and RCP: right circular polarization.
waveplate rotation angle at several temperatures. The quarter wave-
plate angle is defined to be 0○ when the incident laser polarization
is parallel to the optical axis of the waveplate so that the excitation
beam is RCP (LCP) when the angle is 45○ (135○) and is linear polar-
ization (LP) when the angle is 0○, 90○, and 180○, as indicated on
top of the figure. The results clearly differentiate distinct photocur-
rent response under different pump helicity. For example, the THz
amplitude at RCP (45○) is obviously larger than that at LCP (135○)
which is a clear indication of the CPGE.
To obtain the helicity-dependent photocurrent generation, the
quarter waveplate was rotated from 0 to 180○ with 5○ step size. The
generated THz photocurrent exhibits strong polarization depen-
dence. The amplitude variation can be fitted by the equation
J(ϕ) = Csin2ϕ + L1sin4ϕ + L2cos4ϕ + D, (1)
where ϕ is the quarter waveplate angle, C is the helicity-dependent
photocurrent coefficient, L1 and L2 are the linear polarization depen-
dent coefficient, and D is the polarization-independent coefficient.
The fitting results are listed in Table I, which indicate that the C
component, originating from CPGE, is a few percent of the total
contribution; the L1 component, originating from the linear pho-
togalvanic effect (LPGE), is negligible; and the majority contri-
bution is from the polarization-independent component D. The
ratio of C/D ∼ 7% indicates decent CPGE photocurrent generation
compared to polarization-independent current generation, consid-
ering the dominant thermal current generation due to high energy
pumping far away from the band edge. In addition, the CPGE
TABLE I. Fitting parameters for helicity-dependent photocurrent at several tempera-
tures.
Temperature (K) C L1 L2 D C/D (%)
77 1.72 0 0.94 26.13 6.6
170 1.74 0 0.85 29.67 5.9
295 0.89 0 0.54 22.39 4.0
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FIG. 3. (a) THz peak-to-peak amplitude
generated by a p-polarized pump beam
as a function of THz WGP angle. Nega-
tive amplitude indicates a π phase flip of
the THz field, and 0○ indicates that a ver-
tically polarized THz pulse can fully go
through the WGP. (b) The correspond-
ing polar graph of (a). Here, the π phase
flip is not taken into account and only
amplitude is plotted.
effect requires polarization selection rules which are relaxed for the
high momentum states due to momentum-dependent spin-orbit
coupling. This further reduces the CPGE current. Finally, more
interestingly, the CPGE photocurrent increases as the temperature
decreases from 295 K to 77 K, as seen in the ratio C/D, revealing
the enhancement of the CPGE contribution at a lower temperature
that corroborates our assignment of the CPGE effect. The obser-
vation of the CPGE is a hallmark for the Rashba-type bands in
perovskite.
Figure 3(a) shows the THz peak-to-peak amplitude as a
function of the WGP rotation angle. The amplitude is defined
to be negative when there is a π phase flip in the THz time-
domain signal. The emitted THz polarization is parallel to the
direction of the photocurrent. Therefore, the photocurrent direc-
tion can be identified simply by measuring the THz polarization.
The corresponding polar graph of the same result is shown in
Fig. 3(b), where only the amplitude is plotted. As can be seen
from the raw data, the polarization dependent pattern is slightly
“asymmetric,” i.e., the positive and negative peaks are not the
same, which implies that the generated photocurrent has multi-
ple sources that flow in different directions. This pattern can be
understood as a mixture of out-of-plane and in-plane (nonlinear)
currents.
IV. PROBE FREQUENCY-DEPENDENT COHERENT
PHONON MEASUREMENT
Next, we explore the Rashba effect by probing the excitonic
ground state fine structure splitting using coherent phonon spec-
troscopy via THz pump and white light probe measurement. Specif-
ically, an intense THz pulse20–22 with electric field strength up to 1
MV cm−1 coherently excites phonons in perovskites and, because
of the low photon energy of the THz photon (1 THz = 4.1 meV),
samples are excited with the least heating effect and minimum unde-
sired carrier generation. The subsequent white light probe couples
to excitonic ground states which are coupled to the phonons. This
way, genuine excitonic states and their correlation with phonons
are differentiated without undesired large excitonic energy renor-
malization and thermal effects due to high density hot carrier gen-
eration. Although studies employing optical pump pulses with a
couple of electronvolt photon energy have been actively progressed
in various systems,27–32 studies by THz-driven perovskites are still
scarce.
A two dimensional (2D) false color plot of the time-resolved
reflectivity ΔR/R dynamics of the MAPbI3 single crystal at 40 K is
shown in Fig. 4(b). A quasisymmetric feature can be seen from the
FIG. 4. (a) A schematic of the THz pump and white light probe setup for the
transient reflectance measurement. BS: beam splitter, HWP: half-waveplate, GT:
grating, and L: lens. (b) A 2D false-color plot of THz pump-induced white light
spectra of the MAPbI3 single crystal at 40 K. The ΔR/R traces at the positive peak
(743 nm) and zero-crossing between positive and negative peaks (749 nm) are
selected for further study, as marked by dashed lines.
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plot, where the ΔR/R signal changes from positive to negative as the
probe wavelength changes from 740 to 760 nm. Two probe wave-
lengths are selected for further investigation in the current study,
corresponding to the largest ΔR/R amplitude (red dashed line at
743 nm) and the minimal ΔR/R amplitude near 749 nm (white
dashed line). The corresponding long time scans of these two wave-
lengths are shown in Fig. 5(a). Here, we emphasize two key obser-
vations: first, both traces possess oscillations with different lifetime
superimposed in the exponential decay signal; second, the two traces
have different relaxation time. At a probe wavelength of 743 nm, we
observed a short-lived oscillation mostly within ∼6 ps, while a per-
sistent oscillation up to more than 20 ps is observed at a probe wave-
length of 749 nm, as indicated in the inset of Fig. 5(a). These obser-
vations point out a fact that probe beams with different wavelengths
do not couple to the same exciton ground state since they exhibit
different oscillations and dynamics. The observation of the exciton
fine structure is another hallmark for the Rashba-type bands in per-
ovskite that is consistent with the helicity-dependent photocurrent
data.
The 743 nm and 749 nm probe data indicate that they corre-
spond to two distinct exciton levels with a separation of ∼13.37 meV
(6 nm). Similar results are found from the ΔR/R measurements of
FIG. 5. (a) THz pump induced differential reflectivity ΔR/R signal of the MAPbI3
single crystal, measured at a probe wavelength of 743 nm (red trace) and 749 nm
(blue trace) at 40 K. Top inset: the magnified ΔR/R signal between 8 and 20 ps to
highlight the signal difference of the two probe wavelengths. (b) The same mea-
sured as (a) for another perovskite single crystal MAPbBr3, measured at a probe
wavelength of 545 nm (black trace) and 538 nm (green trace) at 40 K. Inset: the
magnified ΔR/R signal between 5.7 and 10 ps to highlight the signal difference at
the two probe wavelengths. The similarity of signals from the two perovskite sam-
ples indicates that the Rashba-type picture is generic for hybrid halide perovskite
materials.
the MAPbBr3 single crystal, as shown in Fig. 5(b), where the probe
wavelength of 538 nm and 545 nm are selected in the same way.
The similarity of results from the two samples implies that the exci-
ton fine structure splitting is generic in hybrid halide perovskite
materials. Note that the long-lived oscillations in the observed tran-
sient reflectance at a probe wavelength of 749 nm (MAPbI3) and
545 nm (MAPbBr3) can mostly be assigned to Raman phonon
modes of octahedral twist of the PbI6 (0.8 THz12) and PbBr6 cage
(∼1.1 THz33). Moreover, the long-lived, up to 20 ps oscillation in
Fig. 5 can only been seen using our scheme unlike the short oscilla-
tions in optical pumping experiments. In addition, we show that the
middle dark states in the exciton fine structure can be brightened
by coherently driven lattice symmetry breaking which allows us to
differentiate the dark (up to 20 ps oscillation, 749 nm in Fig. 5) and
bright (short-lived oscillation, 743 nm in Fig. 5) exciton levels.
V. THEORETICAL MODELING OF PHONON
MODE-SELECTIVE COUPLING TO RASHBA BANDS
To validate the experimental observation on the oscillations
in Fig. 5, we performed a theoretical simulation on the exciton
structure of MAPbI3 taking into account the Rashba effect. The





+ V(r) + (αeσe − αhσh) ⋅ n̂ × i∇r , (2)
where the reduced mass μ is defined to be μ−1 = m−1e + m−1h , ∇
is the Laplace operator, σe(σh) denotes the Pauli matrices for the
J = 1/2 (S = 1/2) conduction (valence) band, respectively, n̂ denotes
the inversion symmetry breaking field direction, αe(αh) is the Rashba
parameter of electron (hole), r is the spatial coordinate, and V(r) is
the electron-hole Coulomb attraction. The electron-hole exchange
interaction is ignored here due to the small exchange splitting for
MAPbI3, which is in the order of 0.01 meV.12 To obtain the full
exciton energy spectrum and eigenvectors, we choose a basis set
with a dimension of 16, including the 1s and 2p exciton wave func-
tions since the Rashba term couples to the s and p states. From
our model, the lowest four excitonic states are dark doublet exci-
ton states |Φ⟩2,3 in the middle and two bright exciton states |Φ⟩1
and |Φ⟩4 with energies above and below the dark states, respectively.
We can use the oscillator strength f Φ in our model to represent




the oscillator frequency with the matrix element PΦ ≡ ⟨Φ∣p ⋅ A∣0⟩
= ∑mj ,ms ψmjmsPjs, where p is the electron momentum operator,
TABLE II. Parameters used in our model simulation extracted from first-principles
calculations. The variation of each parameter is modeled by x(t) = x0 + Δx sin(2πft),
where x0 is in the equilibrium structure at t = 0 in one phonon period.
Parameter (unit) x0 Δx (f = 3.1 THz)
me (m0) 0.134 0.001
mh (m0) 0.171 0.005
αe (eV/Å) 4.577 0.04
αh (eV/Å) 2.120 0.08
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FIG. 6. (a) Changes in the Rashba
parameters as a function of lattice vibra-
tion under f = 3.1 THz. (b) Effect of the
phonon mode at f = 3.1 THz on the oscil-
lator strength of the four lowest energy
exciton states.
A is the magnetic vector potential, ψmjms is the exciton envelope
function, and Pjs is the dipole matrix element. The exciton-phonon
coupling effect is included through the periodic phonon-modulated
model parameters, which vary in a form of sinusoidal function, i.e.,
x(t) = x0 + Δx sin(2πft), where x0 is the value of a given parame-
ter in equilibrium structure (no lattice vibration before the pump),
Δx is the modulation amplitude, and f is the phonon mode fre-
quency. The parameters in the exciton model include the effective
mass of the electron and hole, the corresponding Rashba coefficient,
the dipole matrix elements, and their phonon modulation ampli-
tudes. These parameters can be estimated from first-principles band
structure calculations, combined with the frozen phonon approach.
More specifically, the effective mass and Rashba parameters can be
obtained by fitting the first-principles band dispersion around the
band energy extrema along a k-path in the plane orthogonal to
the inversion symmetry breaking field direction, with reference to
the energy doubly degenerate point.15 The dipole matrix elements
can be calculated following the frozen-core projector-augmented
wave (PAW) method.34 The presence of local inversion symmetry
breaking, as implied from the experiments, excludes the choice of
perfect centrosymmetric orthorhombic phase of MAPbI3 for the
first-principle calculations. For simplicity, we adopt a minimal cubic
structure model with a single formula unit cell, which breaks the
inversion symmetry after full atomic structure relaxation. Our study
focuses on the zone-center phonons; therefore, we expect mini-
mal effects from the negative frequency modes present at the zone
boundary.35 The first-principles calculations are performed with
the Vienna ab initio simulation package (VASP). Electron-nuclei
interactions are described by the projector-augmented wave pseu-
dopotentials.36,37 The Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional is employed in the calculation.38,39 The long-
range van der Waals interactions are corrected with Grimme’s D2
method.40 The Kohn-Sham wave functions are expanded in plane
waves up to 500 eV, and the convergence of energies in the self-
consistent step is achieved with a 10−4 eV threshold with a Gaus-
sian smearing of 0.2 eV/Å. The lattice constant a = 6.23 Å of cubic
MAPbI3 is obtained. The orientation of the MA molecule is in the
[111] direction, which brings a slightly indirect bandgap feature
in MAPbI3.41 The vibrational analysis is performed with density
functional perturbation theory (DFPT) at the gamma point only.42
As an example of the mode-selective coupling between phonon
and Rashba bands, we simulated the influence of the phonon mode
at f = 3.1 THz. Other modes show similar selective coupling behav-
ior with different strength.12 The carrier effective masses, Rashba
parameters, and modulation amplitudes are given in Table II.
Figure 6(a) shows the periodic variations of Rashba parameters αe
and αh. From Fig. 6(b), the bright states, |Φ⟩1,4 (green circles and
cyan rectangles), exhibit a much bigger response than the dark states
|Φ⟩2,3 (purple triangles). The phonon mode, i.e., the quantum beats
observed in ΔR/R dynamics induced by an intense THz pulse, causes
different responses of bright and dark exciton states. The simula-
tion results can be used to explain the different quantum oscillation
dynamics at a probe wavelength of 743 nm and 749 nm, which comes
from the probing of different exciton states.
In conclusion, we have discovered the Rashba-type band struc-
ture and exciton fine structure splittings by employing helicity-
dependent photocurrent measurement and THz-driven coherent
phonon spectroscopy techniques. The experimental results are con-
sistent with our theoretical model for mode-selective phonon-band
coupling. Fundamental insights into photophysics of perovskite
from our study will benefit the development of perovskite-based
spintronics and photovoltaic devices.
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